The paper presents a systematic study of the trends in the interaction of hydrogen with carbon fullerenes versus their curvature, where graphene is taken as the limit of zero curvature. The efficiency of hydrogen incapsulation in fullerenes, penetration into them, and adsorption on their surface are analyzed and discussed. The effects on magnetism are also considered; in particular, it is shown that hydrogen adsorption to some fullerenes induces magnetism to initially nonmagnetic systems. In addition, highly hydrogen-saturated fullerenes are examined and the suitability of fullerenes for hydrogen storage is discussed.
I. INTRODUCTION
The discovery of fullerenes in 1985 1 led to a rapid rise in carbon research and prepared the way for finding other carbon nanomaterials, including nanotubes, graphene, and other exotic structures. Fullerenes, which are zero-dimensional nano-objects, are not merely theoretically interesting but offer many potential applications. Among the fields of application of fullerenes have been drug delivery 2 and hydrogen storage, which require detailed information about the hydrogenation of fullerene molecules.
In the search for substitutes for the rapidly diminishing supply of fossil fuels, hydrogen is considered as a particularly suitable energy carrier due to its cleanliness and abundance in nature. However, the implementation of hydrogen technology is hindered by the lack of convenient, cost-effective storage systems. 3 Among the various possibilities considered, materials-based storage of hydrogen stands out as a particularly promising solution. Materials ranging from metal hydrides to carbon nanostructures have been studied, and while metal hydrides have reached the highest volumetric densities of hydrogen, carbon-based materials offer potential for more lightweight storage. 4, 5 Of the various carbon nanostructures that exist in nature, 6 carbon nanotubes have been investigated for hydrogen storage the most. [7] [8] [9] [10] Along with nanotubes, carbon fullerenes have been considered as well. Fullerenes offer versatile possibilities for hydrogen storage: in addition to being adsorbed on the outer surface of fullerenes, hydrogen can also be accumulated inside them. 11 However, it should be kept in mind that in order to be useful in hydrogen storage applications the material should demonstrate a reversible storage capacity at the ambient pressure and temperature. Hydrogen chemisorption on carbon structures may partially fulfill this requirement; since the C-H bond is weaker than the C-C bond, an increase in temperature will break the C-H bond and dehydrogenate the structure without destroying it.
Experimentally, there have been several attempts to saturate fullerenes with hydrogen. In fact, some fullerenes can even be produced directly with hydrogen coverage; for instance, C 20 was first observed experimentally when hydrogen atoms in C 20 H 20 were replaced by weakly bound Br atoms followed by debromination. 12 Unfortunately, in most cases, hydrogenation of the carbon nanostructure is more cumbersome. In particular, producing endohedrally doped fullerenes, often requires extreme reaction conditions and the use of such methods as ion bombardment, high-pressure, or high-temperature techniques. 13 A less brutal and more efficient alternative has been the molecular surgery method, where the fullerene cage has been opened by chemical treatment, and hydrogen has been inserted inside. 14, 15 In previous studies investigating the suitability of fullerenes for hydrogen storage, the C 60 molecule has been most often considered. In contrast, there exist only fragmented studies of other fullerenes. In this paper, we carry out a systematic study of the interaction of hydrogen with different-sized fullerenes using thorough ab initio simulations. We will establish trends between parameters characterizing the interaction and the fullerene size.
The paper is organized as follows. Section II contains the methodology part, which describes the settings used for the calculations. Then the results obtained from the ab initio simulations are presented and discussed. Section III A describes in detail how hydrogen can be accumulated in fullerenes, and Sec. III B describes the adsorption of hydrogen on the surface of the fullerene. Section III C discusses hydrogen molecule dissociation over fullerenes, and Sec. III D briefly discusses the properties of highly saturated fullerene surfaces. Finally, in Sec. IV, conclusions are drawn on the interaction of hydrogen with the fullerenes.
II. METHODS
The calculations have been performed using the planewave-based code VASP, 16, 17 implementing the spin-polarized density-functional theory (DFT). The calculations were carried out in the generalized-gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE). 18 The core (1s 2 ) electrons were described by the projector-augmented-wave (PAW) method. 19 The cutoff energy of 400 eV for the planewave basis set was found to give energy convergence within a few meV. For the irreducible Brillouin-zone integration, the Monkhorst-Pack 20 4 × 4 × 4 k-point sampling for C 20 molecule systems and 2 × 2 × 2 mesh for C 60 molecule systems was used together with appropriate Fermi smearing. Supercells were constructed with adequate vacuum space of at least 8Å in each cartesian direction in order to minimize the spurious interaction of the fullerene with its images in neighboring supercells.
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III. RESULTS AND DISCUSSION
In principle, hydrogen can be accumulated in a fullerene either by forming a bond with a carbon atom outside or inside the cage, or by simply getting trapped inside the hollow fullerene. These three possible configurations with the corresponding schematic energy diagram are illustrated in Figs. 1(a)-1(d) . In this study, we consider how the size of the fullerene affects hydrogen adsorption. A number of fullerenes C m , where m = 20-60, have been considered. The case of graphene is considered as the limit of zero curvature.
A. Hydrogen accumulation inside fullerenes
Let us first consider the case of hydrogen accumulation inside fullerenes. There exist two possible configurations: the hydrogen atom can either be confined to the center of the fullerene or chemisorbed to the inner surface of the cage as shown in Figs. 1(b) and 1(c) . Total-energy calculations will ultimately show whether these configurations are truly energetically favorable. The interaction energy between the fullerene and hydrogen atom was calculated as follows: where E C m H denotes the total energy for the system consisting of a C m fullerene (m being the number of carbon atoms constituting the fullerene) with a H atom, E C m is the energy of the isolated fullerene C m , and E H is the energy of an isolated hydrogen atom.
For hydrogen confined inside the fullerene molecule, the total energies of the C m H center system were computed such that the hydrogen atom was positioned at the center of the fullerene, see Fig. 1(b) . The interaction energy between the hydrogen and fullerene is shown in Fig. 2(a) . It was found that when m 60, the whole system C m H center has essentially the same energy as when C m and H are far from each other. In other words, the hydrogen atom behaves like a free atom at the center of the fullerene (m 60), confirming results from previous studies for the case of C 60 . 21 For smaller fullerenes (m 60), adsorption to the center is more favorable than adsorption to the inner wall, see energy diagram in Fig. 1(e) . The curvature of the inner surface creates a repulsive interaction between the surface of the fullerene and hydrogen atom, and, therefore, there always exists an energy minimum at the center of the fullerene molecule where hydrogen can be confined. When the fullerene size decreases, the repulsive interaction between hydrogen confined to the center and the fullerene increases rapidly, reaching 2.09 eV for C 20 , see Fig. 2 (a). This indicates that these states are not likely to form.
The H atom encapsulation at the center of the fullerene can affect the total magnetic moment of the fullerene, see Fig. 2 
(b).
In most of the cases, it changes the magnetic moment by 1μ B for the initially nonmagnetic molecules. However, some exceptions exist like C 30 , for which H increases the magnetic moment up to 1.7μ B . Some of the fullerene molecules are intrinsically magnetic; C 20 and C 28 have magnetic moments of 1.7μ B and 3.9μ B , respectively. For these magnetic fullerenes, H encapsulation changes the magnetic moment differently; for C 20 , it increases by 1μ B , whereas for C 28 , it decreases by the same amount. The magnetic properties of fullerene molecules have been previously studied using quantum Monte Carlo methods for C 20 25 and C 60 26 molecules. Based on the Hubbard model used in Refs. 25-27, strong correlation effects have been suggested to be important as a possible source of magnetism for fullerene molecules.
In addition to the confined state at the center of the fullerene, the hydrogen atom can also be chemisorbed to the inner surface of the fullerene cage, see Fig. 1 (c). Nevertheless, this state is found to be energetically less favorable than confinement at the center of the fullerene (m 60). For instance, the adsorption energy in the case of C 60 is 0.08 eV. As can be seen in Table I , the GGA PAW approximation gives smaller values for the chemisorbed state of the hydrogen inside C 60 fullerene compared to density-functional tight-binding (DFTB) and Brenner potential based calculations. 21, 22 For example, DFTB gives a value of 0.5 eV, which is significantly larger than the value of 0.08 eV calculated in this study. Similar to the case of confinement at the center, the adsorption energy is found to increase to 4.98 eV when the fullerene size decreases to C 20 .
These results show that, generally speaking, hydrogen can be accumulated inside fullerenes whose size is equal to or larger than C 60 . Smaller fullerenes are too confined to be able to hold a hydrogen atom inside; the interaction between fullerene walls and the hydrogen atom becomes too disruptive.
Hydrogen accumulation inside fullerenes does not, however, depend only on the favorable energetics of the final configuration. In order for the hydrogen atom to enter the fullerene cage, it has to overcome a potential barrier, the height of which is unknown a priori. This energy barrier can hinder the passage of the hydrogen into the fullerene. We examined this barrier for the smallest feasible H carrier fullerene, namely, C 60 .
Calculations were performed by varying the distance of the hydrogen atom from the center of the fullerene, where the movement of the H atom is restricted, to the line passing strictly through the center of one facet. The hydrogen atom was let to move freely in the plane parallel to the fullerene facet. The hydrogen penetrations through the hexagonal and pentagonal rings were considered separately.
The calculated energy barriers are presented in Fig. 3 and Table II . When the hydrogen atom is moved toward the center of the fullerene through the hexagonal ring, it faces an energy barrier of 2.57 eV. The value for the energy barrier is smaller than the previously published values, which have been mostly calculated by semiempirical methods, as listed in Table II . When the hydrogen atom enters the fullerene through the pentagonal ring, the barrier is even higher, 3.24 eV. From  Fig. 3 , we can see that the saddle points are located 0.2 and 0.4Å away from the fullerene pentagonal and hexagonal facets, respectively, and that there also exists a small mimimum ≈0.8Å away from a facet inside the fullerene. For comparison, Seifert et al. 21 using the DFTB method have obtained a larger value for the barrier, 3.7 eV (see Table II ).
Based on these considerations, hydrogen accumulation inside fullerenes by penetrating through the cage wall does not seem likely in practice due to the high penetration barrier, which is at least 2.57 eV for C 60 and increases to 3.4 eV for a graphene sheet.
Nevertheless, we cannot completely dismiss the idea of H accumulation inside fullerenes because endohedral hydrogen fullerenes can still be produced using the molecular surgery method.
14,15 Using DFT-based molecular dynamics (MD) simulations, Pupysheva et al. 14 have shown that a maximum number of n = 58 hydrogen atoms inside C 60 fullerene can form a metastable structure. If n 30, some hydrogen atoms form covalent bonds with carbons of the fullerene cage, which weakens the fullerene C-C bonds.
B. Hydrogen atom chemisorption outside the fullerene
The penetration barriers discussed in the previous section were obtained by moving the hydrogen atom strictly along the perpendicular axis passing through a facet center. However, a penetration will not occur if the hydrogen atom is not placed exactly on this axis or if it does not have high enough initial energy. Instead, the hydrogen will shift toward one of the closest carbon atoms constituting the facet ring and form a bond with it, see Fig. 1(d) . The bond formation will slightly distort the fullerene cage outward, but the energy gain due to the favorable hybridization will still dominate over the strain energy.
The calculated adsorption energy (1) for H chemisorbed on the outer fullerene surface on the top site over the Table III. C atom is presented in Table III and Fig. 4 for different fullerenes. H adsorption is always favorable regardless of fullerene size. Nevertheless, the adsorption energy increases nonmonotonically with the increase of the fullerene size: from −4.10 eV for a C 20 molecule to −2.01 eV for C 60 (in agreement with −2.13 eV calculated by Okamoto 11 ) and then −0.74 eV for a graphene plane (in agreement with −0.83 eV calculated by Ferro et al. 23 ). It should be noted that, for nonspherical fullerenes such as C 32 or C 36 , several nonequivalent sites exist for H adsorption and therefore the adsorption energy is site dependent, see Table III . Adsorption sites on fullerenes, which are smaller than C 60 , can be assigned to three categories based on the number of hexagonal (NH) and pentagonal (NP) facets next to the adsorption site. There always exists at least one pentagonal facet neighboring the adsorption site and therefore (NH,NP) can have values (0,3), (1, 2) , and (2,1) as shown in the insert of Fig. 4 . If all rings are pentagonal (0,3), the local geometry of the adsorption site is sharply peaked and adsorption is energetically highly favorable. Hexagonal facets will tend to keep the surface flat and therefore binding to the (2,1) sites is the weakest. In general, fullerene sizes have a large effect on how strongly H atoms are adsorbed on the surface; the smaller the fullerene, the more strongly the hydrogen atoms are attached to the surface. However, there exist large deviations in adsorption energies between different adsorption sites on the same fullerene molecule, see Table  III . For example in the C 36 fullerene, the adsorption energy difference between sites s1 and s2 is 1.22 eV.
As we have shown in Sec. III A, fullerene molecules C 30 without defects or adsorbates are not magnetic [see Fig. 2(b) ]. Usually, the magnetization of carbon nanostructures is associated with defects such as vacancies, 30 adatoms, 31 transition metal atoms, 32 or negative Gaussian curvature. 33 Hydrogen has been demonstrated to induce magnetism also in nanostructures with defective surfaces 34 or high hydrogen coverages. 35 We have observed that already a single H atom adsorption to fullerenes C 32 and C 36 induces a magnetic moment. As we see from Table III, induces a magnetic moment varying from 0.28 to 0.89 μ B for a C 32 H s5 and C 36 H s2 , respectively, while fullerenes C 24 , C 30 , C 50 , and C 60 remain nonmagnetic after hydrogen adsorption. Spin-density plots show that the highest spin-density location depends on the fullerene, see Fig. 5 . In some cases, it is located on the opposite side of the hydrogen adsorption site, but can also be located on the carbon atom next to the adsorption site.
H adsorption to initially magnetic fullerenes, such as C 20 and C 28 , reduces the value of the magnetic moment by 1μ B . Among fullerenes considered in this study, the largest magnetic moment is obtained for H on the C 28 fullerene having a magnetic moment of 2.9μ B , while the pure C 28 fullerene has a magnetic moment of 3.9μ B .
Magnetization also exists in some fullerenes with multiple hydrogen atoms adsorbed to the surface. For example, two hydrogen atoms adsorbed to the site s1 on C 28 will reduce the magnetic moment to 1.8μ B and three atoms to 0.8μ B , while the magnetic moment for one hydrogen on site s1 is 2.84μ B . The largest spin density is located on the opposite site of hydrogen adsorption, see Fig. 6 .
C. Hydrogen-molecule adsorption to fullerene surface
In the previous section, the interaction of atomic hydrogen with a fullerene was considered. However, experiments most commonly deal with molecular hydrogen. The H 2 molecule must dissociate before adsorption to the fullerene surface can occur, which creates a barrier for the adsorption process.
On the fullerene surfaces, there are various different positions over which the H 2 molecule can dissociate. The values for the dissociation barriers depend both on the size of the fullerene and the local geometry near the dissociation site, i.e., whether the H-H bond is parallel to the C-C bond ( bond ), parallel to opposite C atoms on the hexagonal facet ( hex ), or parallel to some other C-C pair. As in the case of H atom adsorption, the larger the curvature of the fullerene, the more reactive the surface is and the more easily the H 2 molecule dissociates and H atoms adsorb to the surface, see Fig. 7 . Indeed, while above the C 20 fullerene, the barrier for hydrogen molecule dissociation is 0.9 eV, it increases to 3.7 eV for C hex 60 and 4.2 eV for graphene bond . Comparing to carbon nanotubes (CNT), for example CNT(10,10) and CNT (8, 8) as considered in Ref. 36 , the dissociation of H 2 molecule over the surface requires more energy than that for the case of C 20 and goes easier over the C atom having a dangling bond. This is also confirmed by our calculations done earlier for CNT (10, 0) . In this case, the dissociation energies for H 2 are 2.0 and 4.0 eV over hexagon and above C-C bond configuration, respectively. Highly curved surfaces bind hydrogen atoms very strongly, which can be seen from the calculated adsorption-energy values for H 2 molecule; they are −3.8, −0.6 , 1.7, and 1. were calculated using the climbing-image nudged-elastic-band method. 37, 38 When two hydrogen atoms are adsorbed on the surface, it is possible for the hydrogens to recombine and form H 2 molecule, which desorbs from the fullerene. The energy required for H 2 molecule to desorb is 4.7, 4.3, 2.5, and 1.2 eV for C bond 20 , C hex 60 , graphene bond , and graphene hex surfaces, respectively. Thus, the adsorption is more effective the smaller fullerene is, whereas the H 2 molecule recombination and desorption goes easier the flatter surface is. Hydrogen adsorbed on C m H has an effect on the adsorption energy of a second H atom of the same fullerene if they form a nearest-neighbour configuration. At the same time, this energy is dependent on the nearest-neighbour configuration type as specified in Table IV . The adsorption-energy change due to the hydrogen atom adsorbed to the surface for all fullerenes is given in Table IV . The adsorption-energy change is largest for the C 60 fullerene, where E ads is −1.37 or −0.58 eV depending on the surface configuration of the two hydrogen atoms. This indicates the binding between hydrogen atoms and formation of hydrogen nearest-neighbour pairs on the surfaces.
Due to the high reactivity of the fullerene molecules, smaller than C 60 , with respect to hydrogen atoms, one can expect the formation of a C m H n molecule, where n = 1, . . . , m. To examine the formation of a highly H-saturated fullerene molecule, we have calculated the dependence of the adsorption energy of the H atom on the number of H atoms adsorbed on the C 20 and C 60 fullerenes, which are taken as example cases for highly saturated fullerenes. For comparison, one monolayer (ML) hydrogen coverage, also known as graphane 39, 40 (1/2 ML on both sides of graphene), 1/2 ML, and 1/6 ML hydrogen coverages are calculated for the graphene surface, see Fig. 8 . As we can see from Table V , hydrogen has a smaller adsorption energy on the C 20 surface compared to C 60 surface or graphene. We expect that similar to the case of single hydrogen atom adsorption, the curvature of the fullerene has a strong effect on the adsorption of multiple hydrogens and smaller fullerenes bind hydrogens more efficiently. It should be noted that the adsorption energy decreases nonmonotonically when the number of H atoms increases. For C 20 , in particular, it decreases, first, from −4.11 to −3.11 eV when the total number of H atoms adsorbed at the surface, n, increases from 1 to 12 and then increases when n > 12. This can be explained as the strain effect, which is introduced by the H atoms adsorbed on the surface, and is more pronounced with the larger curvature of the cage. A similar phenomenon is observed also for the C 60 fullerene. For graphene, single H adsorption, 1/2 ML, and 1/6 ML coverages are energetically almost equal. Furthermore, both coverages exhibit magnetic moments, which are 1.0 and 2.0μ B for 1/6 ML and 1/2 ML of H on graphene, respectively. For 1/2 ML hydrogen coverage, the spins are found to be located at two carbon atoms, which are not hydrogenated, in agreement with earlier calculations. 35 However, fully saturated graphane is energetically very favourable compared to other coverages. This is mainly due to the hydrogen-induced change of hybridization for all C atoms in the sheet to sp 3 bonding, which keeps the surface flat while allowing each C atom to relax locally to a typical diamond-like configuration.
IV. SUMMARY AND DISCUSSION
Based on our calculations, we conclude that hydrogen accumulation inside fullerenes is not likely due to the high penetration barrier. However, H adsorption on the fullerene outer surface is possible; the adsorption of atomic H occurs without a barrier, and even molecular H 2 can be adsorbed provided that the activation energy for the dissociation is supplied. The adsorption energy for hydrogen varies nonmonotonically with fullerene size. The smaller the fullerene the smaller is the adsorption energy as well as the dissociation energy of H 2 molecule over the surface. Some hydrogen-decorated fullerenes have magnetic ground states. While in previous studies magnetism of carbon nanostructure has been shown to arise from defects, 30, 31 transition-metal-atom doping, 32 negative Gaussian curvature, 33 or high hydrogen coverages, 35 we have shown that a single hydrogen atom can make a fullerene molecule magnetic and induce magnetic moments such as 0.85μ B in C 32 H molecule. We have also observed that magnetization does not necessarily vanish with increasing number of hydrogen atoms adsorbed to the surface of the fullerene.
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